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The K-Cl co-transporter KCC2 plays multiple roles in the physiology of central neurons
and alterations of its function and/or expression are associated with several neurological
conditions. By regulating intraneuronal chloride homeostasis, KCC2 strongly inﬂuences
the efﬁcacy and polarity of the chloride-permeable γ-aminobutyric acid (GABA) type A
and glycine receptor (GlyR) mediated synaptic transmission. This appears particularly
critical for the development of neuronal circuits as well as for the dynamic control
of GABA and glycine signaling in mature networks. The activity of the transporter
is also associated with transmembrane water ﬂuxes which compensate solute ﬂuxes
associated with synaptic activity. Finally, KCC2 interaction with the actin cytoskeleton
appears critical both for dendritic spine morphogenesis and the maintenance of
glutamatergic synapses. In light of the pivotal role of KCC2 in the maturation and
function of central synapses, it is of particular importance to understand the cellular
and molecular mechanisms underlying its regulation. These include development and
activity-dependent modiﬁcations both at the transcriptional and post-translational levels.
We emphasize the importance of post-translational mechanisms such as phosphorylation
and dephosphorylation, oligomerization, cell surface stability, clustering and membrane
diffusion for the rapid and dynamic regulation of KCC2 function.
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INTRODUCTION
Fast synaptic transmission relies on ion ﬂuxes through ligand-
gated channels. Therefore, the maintenance of transmembrane
ionic gradients is critical to preserve synaptic efﬁcacy. The elec-
troneutral KCC2 co-transporter is the major chloride (Cl−)
extruder in mature neurons (Payne et al., 1996; Williams et al.,
1999; Karadsheh and Delpire, 2001; Uvarov et al., 2005). Unlike
other KCC family members known to regulate cell volume
in non-neuronal cells (Zeuthen and MacAulay, 2002; Zeuthen,
2010), KCC2 has been mostly studied for its role in maintain-
ing low intracellular chloride concentration [Cl−]i in neurons
[reviewed in (Ben-Ari, 2002; Blaesse et al., 2009)]. [Cl−]i inﬂu-
ences the efﬁcacy and polarity of synaptic transmission mediated
by γ-aminobutyric acid (GABA) type A receptors (GABAARs)
and glycine receptors (GlyRs) which both ﬂux chloride ions.
The spatio-temporal regulation of KCC2 mRNA and protein
expression levels orchestrates the developmental shift in synap-
tic glycinergic and GABAergic transmission from depolarizing to
hyperpolarizing or shunting in many but not all species (Rivera
et al., 1999; Vanhatalo et al., 2005) and brain regions (Li et al.,
2002; Vinay and Jean-Xavier, 2008). GABAA receptor-mediated
depolarization appears as a critical determinant of early network
activities (Cherubini et al., 2011), circuit formation (Ben-Ari,
2002; Akerman and Cline, 2006), neuronal migration (Bortone
andPolleux,2009),andsynapsematuration(Aguadoetal.,2003).
Recent studies also indicate a critical role of KCC2 in both the
formation (Li et al., 2007) and functional maintenance (Gauvain
et al., 2011) of glutamatergic synapses. These mechanisms appear
independent of KCC2 function butinstead involve KCC2 interac-
tion with submembrane cytoskeleton.
KCC2 expression and function are tightly regulated by neu-
ronal activity (Fiumelli and Woodin, 2007). This regulation
involves trophicfactors suchasbrain-derivedneurotrophicfactor
(BDNF), neuronal intrinsic activity or the activity of excitatory
synapses (Kaila et al., 1997; Rivera et al., 2002, 2004; Woodin
et al., 2003; Fiumelli et al., 2005; Wang et al., 2006a–c; Kitamura
et al., 2008; Lee et al., 2011). In some conditions, neuronal activ-
ity may either upregulate KCC2 to strengthen synaptic inhibition
in a homeostatic manner or,on the contrary, downregulate KCC2
possiblyto enhancethegainofrecently active excitatory synapses.
In several pathological conditions associated with enhanced exci-
tation, suppressionofKCC2 isoftenobservedandmaycontribute
to further alter the balance of excitation and inhibition, lead-
ing to excitotoxicity, or anomalous activities such as seizures
(Reid et al., 2001; Rivera et al., 2002, 2004; Huberfeld et al.,
2007; Pathak et al., 2007; Wake et al., 2007; Li et al., 2008b;
Shimizu-Okabe et al., 2011). Therefore, KCC2 appears to medi-
ate a crosstalk between excitatory and inhibitory transmission.
It is, therefore, crucial to understand the mechanisms that con-
trolits expressionandactivity. Neuronalactivity modulatesKCC2
activity throughbothtranscriptionalandpost-translationalmod-
iﬁcations. Whereas transcriptional mechanisms may be involved
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in regional, developmental, and regulation of KCC2 activity in
pathological conditions, post-translational mechanisms of KCC2
regulation occurs in a time scale compatible with a control by fast
synaptic transmission (Woodin et al., 2003; Wang et al., 2006b;
Fiumelli and Woodin, 2007; Wake et al., 2007; Kitamura et al.,
2008;Chorinetal.,2011;Leeetal.,2011).Severalrecentandcom-
prehensive reviews have addressed the biology of cation-chloride
co-transporters (CCCs) both in neuronal (Blaesse et al., 2009)
and non-neuronal cells (Gamba, 2005). Here, we will review the
recent literature more speciﬁcally on (1) the subcellular distribu-
tion of KCC2 in relation with excitatory and inhibitory synapses,
(2) its basic properties as well as its function at inhibitory and
excitatory synapses, (3) its regulation during development and
by neuronal activity. We will discuss the cellular and molecular
mechanisms underlying its regulation.
STRUCTURE AND DIVERSITY OF KCC2 CO-TRANSPORTERS
The K-Cl co-transporter KCC2 is one of the nine cation chlo-
ride co-transporters encoded by the Slc12a one to nine genes [for
review see (Gamba, 2005)]. Four KCC co-transporters have been
identiﬁed so far (KCC1–4). KCC2 is the only KCC isoform exclu-
sively expressed in central neurons (Payne et al., 1996; Williams
et al., 1999; Karadsheh and Delpire, 2001; Uvarov et al., 2005).
The lack of KCC2 mRNA expression in non-neuronal cells relies
on binding of the neuron-restrictive silencer factor (NRSF) to the
neuron-restrictive silencer element (NRSE) in KCC2 gene pro-
moter (Uvarov et al., 2005). Two transcription factors up- or
down-regulate KCC2 mRNA levels (Uvarov et al., 2006). The
transcription factor early growth response 4 (Egr4 or NGFI-C)
is a neuron-speciﬁc immediate early gene that enhances KCC2
expression (Uvarov et al., 2006). In contrast, the REST transcrip-
tional repressor complex inhibits KCC2 mRNA level by binding
to two repressor elements (RE-1) in the KCC2 gene (Yeo et al.,
2009). The KCC2 mRNA is expressed with a gradual temporal
increase from spinal cord and brainstem to higher brain struc-
tures (Li et al., 2002; Stein et al., 2004). Alternative splicing of the
KCC2gene(Slc12a5)givesrisetotwoKCC2isoforms,KCC2aand
KCC2b(Uvarovetal.,2007).TheKCC2atranscriptisexpressedat
low-level between E14-P60 (Uvarov et al., 2007). In contrast, the
KCC2b mRNA is up-regulated by 10- and 35-fold in hippocam-
pus and neocortex between E17 and P14 (Uvarov et al., 2007).
Similarly to the transcripts, KCC2a protein shows only moderate
changes during postnatal development, whereas KCC2b expres-
sion is strongly up-regulated (Uvarov et al., 2009). Therefore,
KCC2a prevails in neonatal brain whereas KCC2b predominates
in adult (Uvarov et al., 2009). KCC2b differs from KCC2a by an
extra 40 amino acid residue in its N-terminal part that carries
a putative binding site for the Ste20-related proline alanine-rich
(SPAK) and oxidative stress response-1 (OSR1) kinases (Uvarov
et al., 2007).
The KCC2 protein is a glycoprotein with a predicted topology
of 12 membrane spanning segments ﬂanked by two cytoplasmic
carboxy- and amino-terminal domains of long and short size,
respectively (Payne et al., 1996). The intracellular regions repre-
sent half of the total size of the molecule and are known so far to
be the targets of several kinases and one phosphatase that regu-
late the function of the co-transporter (Figure1). KCC2 carries
putative phosphorylation sites for the Src-family tyrosine kinase
[residuesTyr903,Tyr1087,(Leeetal.,2010)],theserine/threonine
With no lysine kinase (Wnk) family (Wnk3, (Kahle et al., 2005);
Wnk1atresiduesThr906,Thr1006,(Rinehartetal.,2009);Wnk2,
(Rinehart et al., 2011), and the Ca2+/phospholipid-dependent
protein kinase C (PKC) (residues Thr34, Ser728, Thr787, Ser940,
Ser1034,(Payneetal.,1996;Leeetal.,2007).Amongtheﬁveputa-
tive PKC-dependent phosphorylation sites, the Ser940 residue is
the major site of PKC phosphorylation in neurons (Lee et al.,
2007). This site is speciﬁc of the KCC2 transporter (Payne et al.,
1996) and can be dephosphorylated by the protein phosphatase 1
(PP1) (Lee et al., 2011).
KCC2 can exist as monomers (∼140kDa), dimers
(∼270kDa), trimers (∼400kDa), or tetramers (∼500kDa)
(Blaesse et al., 2006; Uvarov et al., 2009). Immunoblots and
co-immunoprecipitation studies from brain extracts reported
various oligomeric states of KCC2: KCC2a-KCC2a and KCC2b-
KCC2b homo-dimers, KCC2a-KCC2b, and KCC2-KCC4
hetero-dimers (Blaesse et al., 2006; Simard et al., 2007; Uvarov
et al., 2009). Although KCC oligomerization domains have not
been identiﬁed so far, the carboxy-terminal domain appears to
be required for oligomerization (Casula et al., 2001; Simard et al.,
2004). Thus, truncation of KCC1 in its carboxy-terminus (up
to residue 805) fails to oligomerize (Casula et al., 2001). KCC2
oligomers also associate through di-sulﬁdebounds (Uvarov et al.,
2009), as described for other CCCs (Moore-Hoon and Turner,
2000; Blaesse et al., 2006).
CELLULAR AND SUBCELLULAR DISTRIBUTION IN NEURONS
REGIONAL EXPRESSION
KCC2a and KCC2b transcripts are expressed in mature neu-
rons throughout the CNS including all layers of the cortex,
neurons of the brainstem, thalamus, olfactory bulb, and spinal
cord,CA1–CA4pyramidalneuronsofthehippocampus,granular
layer, and cerebellar Purkinje neurons (Payne et al., 1996; Uvarov
et al., 2007). Most published immunochemical data on KCC2
have been obtained with antibodies against a carboxy-terminal
region of KCC2 common to both KCC2a and KCC2b iso-
forms (residues 932–1043, commercialized by Sigma, Millipore,
AbCam, Life Span...). KCC2a and KCC2b isotype speciﬁc anti-
bodies were recently generated: KCC2a, amino-terminal residues
DPESRRHSVADPRRLPREDVK, (Uvarov et al., 2009); KCC2b,
amino-terminal residues CEDGDGGANPGDGN,(Hubner et al.,
2001). Finally, an antibody against the second extracellular loop
of KCC2 (IFKAEDASGEAAAML residues) was obtained and
characterized in Gagnon et al. (2007) but failed to yield spe-
ciﬁc staining in our hands. Since KCC2b prevails in adults,
immunoﬂuorescence (IF) data from adult tissue predominantly
reveals the distribution of this isoform. KCC2 is detected in neu-
rons of the cerebellum (Williams et al., 1999; Takayama and
Inoue, 2006), all relaynuclei ofthe thalamus (Bartho et al.,2004),
retina (Vardi et al., 2000; Vu et al., 2000; Gavrikov et al., 2006;
Zhang et al., 2006; Li et al., 2008a), lateral superior olive (LSO)
of the brainstem (Blaesse et al., 2006), neocortex (DeFazio et al.,
2000; Szabadics et al., 2006), somatosensory cortex (Takayama
and Inoue, 2006, 2010), hippocampus (Rivera et al., 1999; Gulyas
et al., 2001), spinal cord (Hubner et al., 2001; Stil et al., 2009),
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FIGURE 1 | Structure of KCC2. The rat KCC2 co-transporter is a large
size (∼140 kDa) protein with a predicted topology of 12 membrane
spanning segments, a N-linked glycosylated extracellular domain
between transmembrane domains 5 and 6, and is ﬂanked by two
cytoplasmic carboxy- and amino-terminal domains of 104 and 481
amino acids, respectively. As indicated, the intracellular regions are
the targets of several kinases that regulate the function of the
co-transporter.
cochlear nucleus(Valeetal.,2005;Yangetal.,2008),andhypotha-
lamic suprachiasmatic nucleus (SCN) (Belenky et al., 2008).
CELLULAR COMPARTMENTALIZATION
KCC2 is restricted to the somato-dendritic compartment and
excluded from the axon (Hubner et al., 2001; Szabadics et al.,
2006; Bartho et al., 2009) including the initial segment (AIS)
(Gulyas et al., 2001; Baldi et al., 2010). KCC2 immunoreactivity
is usually evenly distributed along the somato-dendritic axis of
neurons of the thalamus (Bartho et al., 2009), the granular layer
of the cerebellum (Takayama and Inoue, 2006) and dentate gyrus
granulecells(Baldietal.,2010).However,inOFFbipolarcellsand
starburst cells of the retina, KCC2 is conﬁned in distal dendrites
(Vardi et al., 2000; Gavrikov et al., 2006). Similarly, in hippocam-
pal CA1 pyramidal neurons, KCC2 may preferentially accumulate
at GABAergic synapses formed onto distal rather than proximal
dendrites (Baldi et al., 2010).
INTRACELLULAR VS. MEMBRANE DISTRIBUTION
Intracellular KCC2 labeling is found at a higher level in immature
than in mature neurons. KCC2 decorates the membrane of trans-
port vesicles in dendrites of P2 hippocampal neurons (Gulyas
et al., 2001). In contrast, only little cytoplasmic KCC2 is detected
in mature hippocampal neurons (Gulyas et al., 2001)a sw e l la s
neurons of the cochlear nucleus (Vale et al., 2005) and isocortex
(Szabadics et al., 2006). In the adult brain, organelles includ-
ing Golgi apparatus and endoplasmic reticulum do not show
KCC2 labeling (Takayama and Inoue, 2006) except in neurons
of the SCN (Belenky et al., 2008). Instead, most KCC2 protein
is found associated with the plasma membrane both in somatic
and dendritic compartments (Williams et al., 1999; Gulyas et al.,
2001; Hubner et al., 2001; Vale et al., 2005; Blaesse et al., 2006;
Szabadics et al., 2006; Takayama and Inoue, 2006; Belenky et al.,
2008; Bartho et al., 2009; Baldi et al., 2010). KCC2 exhibits a high
turnover rate. It was shown that the membrane pool of KCC2 is
partially (Rivera et al., 2004) or totally (Lee et al., 2007)r e p l a c e d
within 10min under basal conditions.
SYNAPTIC LOCALIZATION
At the synaptic level, KCC2 is not found within presynaptic bou-
tons except in terminals of the retinal ON bipolar cells (Vardi
et al., 2000) and developing photoreceptor cells (Zhang et al.,
2006). KCC2-coupled immunogold particles decorate the perisy-
naptic area of postsynaptic neuronal cell (Gulyas et al., 2001;
Bartho et al., 2004; Blaesse et al., 2006; Takayama and Inoue,
2006). Consistent with a major role of the transporter in chloride
homeostasis and GABA signaling (see below), KCC2 is found in
the postsynaptic membranenearsymmetrical inhibitory synapses
inbrainstem(Blaesse et al.,2006),SCN(Belenky etal.,2008), and
spinal cord (Hubner et al., 2001). However, KCC2 also accumu-
lates at or near excitatory synapses formed by cerebellar mossy
ﬁber terminals onto granule cells (Takayama and Inoue, 2006), at
terminals formed between the cortico-geniculate ﬁbers and tha-
lamic relaynuclei neurons (Bartho et al., 2004), at synapses in the
brainstem (Blaesse et al., 2006) and at glutamatergic synapses in
spine heads of principal cells of the hippocampus (Gulyas et al.,
2001; Gauvain et al., 2011).
We have studied the subcellular distribution of KCC2 in
cultured hippocampal neurons. In line with previous observa-
tions (Lee et al., 2007; Watanabe et al., 2009; Gauvain et al.,
2011), KCC2 membrane distribution was usually punctate.
Using confocal ﬂuorescence microscopy, we found that KCC2
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clusters decorate the cell body (Figures2A,B), dendritic shafts
(Figure2C)a n ds p i n e s( Figures2A–D2)o fm a t u r en e u r o n s
(29 days in vitro). Optical sectioning through a dendrite high-
lighted the preferential membrane localization of the transporter
(Figures2D2,D3). On average, KCC2 IF was about 50% higher
near cell surface compared with cytoplasm, reﬂecting a preferen-
tial membrane or sub-membrane localization of the transporter.
The ﬂuorescence intensity of KCC2 aggregates in spines was
aboutthreefold higher thanin cytoplasmandtwofoldhigher than
on dendritic shaft, demonstrating KCC2 enrichment in spines.
KCC2 clustering was also dependent on spine maturation and
was maximal in mushroom-type spines, intermediate in stubby
spines and absent in ﬁlopodia-like structures. KCC2 expression
in relation with excitatory and inhibitory synapses was evaluated
in hippocampal neurons co-immunolabeled with the glutamate
and GABA receptor anchoring proteins PostSynaptic Density
protein 95 kD (PSD95) and gephyrin (Figures2E1–G). KCC2
clusters were found both near inhibitory (Figures 2E1–E3,G)an d
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FIGURE 2 | KCC2 clustering in rat hippocampal neurons at 29DIV. (A)
Maximum intensity projection of confocal optical sections showing KCC2 at
the periphery of somata (ﬁlled arrow) and in spines (empty arrow). (B,C)
optical sectioning from the same neuron as in (A). Boxed region in (B) is
shown enlarged in (C). Adapted from Gauvain et al. (2011) with permission.
Scale bars, 5μm. (D) Fluorescence intensity in arbitrary units per pixel along
the lines drawn in (C) showing enrichment of KCC2 in dendritic spines (D1),
preferential plasma membrane localization of KCC2 in dendritic spines (D2)
and shafts (D3) as compared with the cytoplasm. (E1–F3) Dual labeling of
KCC2 (red in E1, E3, F1, F3) and the GABA and glutamate receptor anchoring
proteins gephyrin (green in E2, E3) or PSD-95 (green in F2, F3). Scale bars,
5μm. KCC2 forms many clusters on dendritic shafts and spines
(empty arrows). Clusters are found at distance from synapses
(crossed arrow) as well as near gephyrin-labeled inhibitory synapses
(empty arrow in E1–3) and PSD95-stained excitatory PSD (empty arrow in
F1–3). (G) Fluorescence intensity in arbitrary units per pixel along the lines
drawn in (E3) and (F3) showing juxtaposition but no colocalization of KCC2
(red) with gephyrin (green, top) or PSD95 (green, bottom).
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excitatory (Figure2F1–F3,G) synapses formed on dendrites as
well as on the extrasynaptic membrane. However, although con-
centrated inspines,theco-transporter didnotpreferentiallyaccu-
mulate within the postsynaptic differentiation (PSD). Instead,
it was often localized at the periphery of the PSD (Figure2G).
Quantiﬁcation also revealed the absence of speciﬁc KCC2 accu-
mulationatinhibitorysynapses(Figure2G).Thus,KCC2appears
to aggregate in close vicinity rather than within synapses, sug-
gesting the existence of speciﬁc molecular anchoring mechanisms
acting to inﬂuence KCC2 clustering.
BASIC PROPERTIES OF THE KCC2 CO-TRANSPORTER
ION CO-TRANSPORT
KCC2 is a secondary active transporter, i.e., it uses the energy
of the electrochemical K+gradient to transport Cl−. The elec-
trochemical plasma membrane K+ gradient is generated by the
primary active transporter Na-K ATPase (Figure3). KCC2 colo-
calizes and structurally interacts with the α2 subunit of the Na-K
ATPase (Ikeda et al., 2004). Therefore, an alteration of KCC2
membrane expression may impact the Na-K ATPase distribution
and/or activity and vice versa. KCC2 functions near thermody-
namic equilibrium since the equilibrium potential of K+ (EK)
is close to the resting membrane potential (RMP) (Vm)( Payne,
1997; Payne et al., 2003). KCC2 can function in either direc-
tion depending on the external concentration of K+ [K+]o.E v e n
a moderate increase in [K+]o may thus reverse Cl− transport
through KCC2. This action may allow K+ buffering when its
extracellular concentration is increased upon sustained neuronal
activity (Thompson and Gahwiler, 1989b; Payne, 1997).
WATER TRANSPORT AND THE CONTROL OF CELL VOLUME
Glutamate and GABA/glycine synaptic signaling usually lead to a
net inﬂux of Na+ and/or Ca2+ cations and Cl− anions, respec-
tively. These movements of ions are accompanied by water inﬂow
acting to maintain intracellular osmolarity. Massive water inﬂux
may consequently lead to neuronal swelling (Collingridge and
Lester, 1989) and, if not compensated, to cell death. Since neu-
rons lack aquaporins (Amiry-Moghaddam and Ottersen, 2003;
Andrew et al., 2007)t h e ym a yu s ea na l t e r n a t i v em e c h a n i s m
to face osmotic challenges. CCCs have been extensively stud-
ied in this context of osmotic and volume regulation ﬁrst in
erythrocytes and epithelial cells, two non-neuronal cell types
facing large osmotic challenges (Zeuthen and MacAulay, 2002;
Hoffmann et al., 2009). It is well established that CCCs function
is directly or indirectly coupled to water transport (Zeuthen and
MacAulay, 2002; Zeuthen, 2010). Water ﬂows in the same direc-
tion as ions to counteract osmotic changes due to CCC activity.
The electroneutral Na+–K+–2Cl− NKCC1 co-transporter accu-
mulates intracellular chloride using the electrochemical gradient
for Na+ and K+ produced by the Na-K ATPase (Gamba, 2005;
Blaesse et al., 2009). Both NKCC1 and KCC2 co-transport ions
and water and cooperate to maintain ionic and water home-
ostasis in neurons. It has been estimated that NKCC1 activity
triggers a net inﬂow of 590 water molecules for 1K+,1 N a +,2 C l −
transported ions. Conversely, KCC2 activity results in the extru-
sion of 500 water molecules per of 1K+ and 1Cl− transported
ions [reviewed in (MacAulay and Zeuthen, 2010)]. Consistent
with the role of KCC2 in water transport in neurons, experi-
ments using digitalholographicmicroscopyrecentlyrevealedthat
N-methyl-D-aspartate (NMDA) receptor activation in neurons
triggers water inﬂux through both NMDAR and NKCC1 while
delayed activation of KCC2 compensates this inﬂux by mediating
a net outﬂow of water (Jourdain et al., 2011).
The functional properties of NKCC1 and KCC2 co-
transporters are reciprocally regulated by serine/threonine
phosphorylation. The Wnk kinase family acts as an osmosensor
which can lead to reciprocal regulation of NKCC1 and KCC2
in the central nervous system (Kahle et al., 2010). Upon hyper-
osmotic challenge or in conditions of low [Cl−]i,a c t i v a t i o n
of Wnk1/3 leads to phosphorylation and activation of NKCC1
through OSR1/SPAK Ste20-type kinases and direct inhibition of
KCC2 through phosphorylation of KCC2 Thr906 and Thr1006
FIGURE 3 | Ions and water transport properties of the co-transporters
NKCC1 and KCC2. The secondary active transporters NKCC1 and KCC2
use the energy of the electrochemical Na+ and K+ gradients generated
by the primary active transporter Na-K ATPase to trigger a net inﬂow of
1K+,1 N a +,2 C l −, and a net outﬂow of 1K+,1 C l − ions, respectively.
The activity of each transporter is associated with water inﬂux
(NKCC1) or efﬂux (KCC2). NKCC1 and KCC2 are reciprocally expressed
and regulated during development. NKCC1 predominates in early
development while KCC2 is the main Cl− extruder in mature neurons.
This expression proﬁle impacts both cell volume regulation and the
efﬁcacy and polarity of GlyR and GABAAR mediated synaptic transmission
(see text).
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(Gagnon et al., 2006; Rinehart et al., 2009). This results in a net
water inﬂux which compensates for cell shrinking due to the
hyperosmotic challenge. This process is known as a Regulatory
Volume Increase (RVI). Conversely, under hypo-osmotic con-
ditions, activation of KCC2 and inhibition of NKCC1 leads to a
Regulatory Volume Decrease (RVD) acting to compensate cell
swelling.
INTERACTIONS WITH THE ACTIN CYTOSKELETON
Apart from their ion transport function, several ion channels,
pumps, transporters, and exchangers appear to act as cytoskele-
tal anchors of the plasma membrane [reviewed in (Denker and
Barber, 2002)]. Together with other integral membrane pro-
teins, several ion transport proteins anchor actin ﬁlaments to the
plasma membrane via interactions with the linker proteins of
the ankyrin and 4.1 families. A particularly well studied exam-
ple of such interaction has been described in erythrocytes, where
the anion exchanger 1 (AE1) plays a critical role in docking
actin cytoskeleton to plasma membrane via ankyrin and 4.1R,
thereby inﬂuencing cell shape (Jons and Drenckhahn, 1992).
KCC2 immunoprecipitation assays recently revealed that the
carboxy-terminal domain of KCC2 (KCC2 CTD) directly inter-
acts with 4.1N, a neuronal member of the 4.1 protein family (Li
et al., 2007). 4.1N, like other 4.1 family members, possesses a 4.1
Ezrin Radixin Moesin (FERM) domain that binds a variety of
transmembrane proteins and a spectrin/actin interaction domain
(Baines et al., 2009). Therefore, KCC2 is expected to interact with
the submembrane actin cytoskeleton. Such interaction may have
multiple implications including (1) to regulate KCC2 clustering
and thereby its membrane stability and/or activity, (2) to con-
strain KCC2 localization to speciﬁc membrane microdomains,
(3)to control thelocalorganizationofactinﬁlaments with down-
stream effects on subcellular morphology(Mohandas et al., 1992;
Cancedda et al., 2007; Li et al., 2007; Gauvain et al., 2011), (4)
to regulate cell migration (Wei et al., 2011)a n d( 5 )t oa f f e c tt h e
osmoregulatory response since actin is part of the osmotic sensor
of the cell (Mills et al., 1994). These major functions of the KCC2
co-transporter are likely at play in all neuronal compartments
where it is expressed. Nevertheless, they may be of particular
signiﬁcance at synapses where they appear to inﬂuence synaptic
structure and maturation as well as efﬁcacy.
FUNCTIONAL IMPACT OF KCC2 ON SYNAPTIC SIGNALING
FUNCTION IN SYNAPTOGENESIS
Numerous studies have revealed a critical role of KCC2 in synap-
togenesis. Early overexpression of recombinant KCC2 in imma-
ture hippocampal neurons increases the density of GABAergic
terminals, the number of postsynaptic GABAAR clusters as well
as the frequency and amplitude of GABAAR-mediated mIPSCs
(Chudotvorovaet al.,2005). Conversely, the frequencyof mIPSCs
is reduced in hypomorphic KCC2 mice (Tornberg et al., 2005),
suggesting KCC2 is required for the functional maturation of
GABAergic synapses. However,the role of KCC2 in the formation
of glutamatergic synapses is more controversial. The controversy
may result from differences in preparations and experimental
methodologies. For instance, early overexpression of KCC2 in
Xenopus laevis embryos reduced the amplitude and frequency of
mEPSCs in tectal neurons (Akerman and Cline, 2006) suggest-
ing elevated [Cl−]i may be required for functional maturation
of excitatory synapses. Instead, overexpression of KCC2 had no
effect on the density of vesicular glutamate transporter isoform 1
(VGlut1)-immunopositive terminalsormEPSCamplitudeorfre-
quency in cultured hippocampal neurons (Chudotvorova et al.,
2005). This observation, however, contrasts with the effects of
the genetic ablation of KCC2 which leads to a reduced number
of functional excitatory synapses in immature hippocampal neu-
rons (Li et al., 2007). Finally, in striking contrast with these data,
Khalilov et al. (2011) reported a sixfold increase in the density
of synaptophysin immunoreactive terminals and increased fre-
quency of spontaneous IPSCs and EPSCs as well as enhanced
network activity in CA3 hippocampal neurons from KCC2−/−
E18.5 mouse embryos. These discrepancies may result from the
timing of both KCC2 manipulations and functional observations
and suggest KCC2 differentially modulates synaptogenesis in a
very speciﬁc time window.
KCC2 may inﬂuence synaptogenesis through an ion-
transport-independent mechanism (Li et al., 2007; Khalilov
et al., 2011). However, the effects of KCC2 on the development
of retinotectal circuits rely on a modulation of GABA signaling
through shifting transmembrane chloride gradients (Akerman
and Cline, 2006). Thus, depolarizing GABA signals may coop-
erate with NMDAR-mediated transmission to promote the
maturation of glutamatergic synapses and the establishment of
the balance of excitation and inhibition in developing circuits
[for review see (Ben-Ari et al., 2007)].
FUNCTIONNAL IMPACT ON GABA AND GLYCINE SIGNALING
Here, we will present a synthetic view of the well-known impact
of KCC2 on inhibitory synaptic transmission and will refer to
recent and complete reviews (Ben-Ari, 2002; Ben-Ari et al., 2007;
Blaesse et al., 2009). The KCC2-mediated K-Cl co-transport crit-
ically determines the electrochemical gradient of chloride ions
in neurons. Therefore, a major impact of KCC2 function is on
the efﬁcacy or even the polarity of synaptic GABAergic and
glycinergic transmissions which both rely on chloride ﬂuxes.
BothGABAARs andGlyRsareprimarilypermeabletochloride
and, to a lesser extent, bicarbonate ions (Bormann et al., 1987).
Although these signals are classically considered as ‘inhibitory’,
their polarity and functional impact are dependent on (1) the
transmembrane gradients in chloride and bicarbonate ions and
(2) the local RMP. Thus, GABAAR-mediated currents are hyper-
polarizing only when EGABA (the reversal potential of GABAAR
currents, which depends on both ECl and EHCO3)i sh y p e r p o -
l a r i z e dt oR M P .S i n c e ,u n d e rp h y s i o l o g i c a lc o n d i t i o n s ,E HCO3
is depolarized as compared to RMP [around −12mV, (Staley
et al., 1995)], a rise in [Cl]i may be sufﬁcient to depolarize
EGABA above RMP, leading to depolarizing actions of GABAAR-
mediated currents. This mayoccur, for instance, duringsustained
GABAergic activity leading to intraneuronal chloride accumu-
lation (Thompson and Gahwiler, 1989a). It should be noted
however, that depolarizing glycine or GABAAR-mediated cur-
rents may still be functionally inhibitory due to the electrical
shunt of the membraneinputresistance generated by the opening
of these receptors (Staley and Mody, 1992).
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Although measuring [Cl−]i in neurons remains a technical
challenge potentially subject to many pitfalls (Bregestovski et al.,
2009), several studies converge to suggest it may range relatively
high values during early postnatal development [25–40mM; refs
in (Blaesse et al., 2009)]. This likely reﬂects the expression and
activity of the NKCC1 transporter which acts to accumulate chlo-
ride in neurons and the expression of which precedes that of
KCC2 (Plotkin et al., 1997; Hubner et al., 2001). Elevated internal
chlorideconcentrationdepolarizeEGABA aboveRMPandpredicts
depolarizing actions of GABA acting on GABAARs in immature
neurons. Although this view has been taken for granted for many
years (Ben-Ari, 2002), it was recently challenged by experiments
suggesting both RMP and EGABA may be strongly dependent on
the energy supply to immature neurons, which may be inappro-
priate in experimental conditions used to measure these variables
(Rheims et al., 2009; Ruusuvuori et al., 2010; Tyzio et al., 2011).
Nevertheless, several actions of GABA have been associated with
membrane depolarization due to low KCC2 function and high
intracellular chloride in immature neurons. Those include the
generation of population activities such as giant depolarizing
potentials (GDPs) in vitro (see Ben-Ari, 2002), the maturation
of retinotectal circuits (Akerman and Cline, 2006)a n dc o r t i c a l
interneuron migration (Bortone and Polleux, 2009) in vivo.
It is generally agreed that an increase in KCC2 function cor-
relates with a progressive hyperpolarization of EGABA reﬂecting a
reduction of [Cl−]i in mature neurons to about 5mM (Khirug
et al., 2008; Tyzio et al., 2008). This developmental switch in
chlorideelectrochemical gradientoccursin almostallbrainstruc-
tures and organisms analyzed, but with variation in the spatio-
temporal developmental course (Ben-Ari, 2002). It should be
noted however that steady-state [Cl−]i is an average and shows
intercellular and intracellular variability. GABAAR-mediated cur-
rents impinging onto neighboring neurons or even onto different
subcellular compartments onto a given neurons may, therefore,
be very different. In particular, [Cl−]i may differ up to two
to threefold between the somatic and dendritic compartments
(Duebel et al., 2006) or even from one dendritic branch to the
other (Waseem et al., 2010). Similarly, an axo-somatic gradient
of EGABA has been reported which may range up to 15–20mV
(Szabadics et al., 2006; Khirug et al., 2008). Thus, GABAAR-
mediated currents are usually depolarizing on axon terminals
[e.g., (Ruiz et al., 2003); see (Kullmann et al., 2005)] or AISs
[(Szabadics et al., 2006; Khirug et al., 2008); but see (Glickfeld
et al., 2009)] and hyperpolarizing on somato-dendritic compart-
ments [(Banke and McBain, 2006; Tyzio et al., 2006; Khirug
et al., 2008); but see (Tyzio et al., 2008)]. This axo-somatic
gradient likely reﬂects the differential subcellular distribution
of KCC2 and NKCC1 (Khirug et al., 2008). In addition, local,
activity-dependent alteration of [Cl−]i along a single dendrite
is correlated with a transient and local shift in EGABA (Dallwig
et al., 1999; Staley and Proctor, 1999; Kuner and Augustine, 2000;
Isomura et al., 2003; Jedlicka et al., 2011), the dynamics of which
likely depends on KCC2 function [see (Doyon et al., 2011)].
Thus, KCC2 dynamically regulates the efﬁcacy of GABA signal-
ing through a local control over [Cl−]i. Therefore, modulation
of KCC2 function may not only impact the steady-state efﬁ-
cacy of GABA signaling through GABAARs but also its dynamic
operation. This may occur for instance upon repetitive neu-
ronal activity (Fiumelli and Woodin, 2007)a sw e l la si ns e v e r a l
pathological conditions which have been shown to both suppress
KCC2 expression and affect the efﬁcacy of GABA signaling. These
includeepilepsy(Cohenetal.,2002;Huberfeldetal.,2007),spinal
cord injury (Boulenguez et al., 2010), neuropathic pain (Coull
et al., 2003)a n do t h e r s( s e eKahle et al., 2008).
FUNCTION AT EXCITATORY SYNAPSES
Although KCC2 primarily inﬂuences GABAergic transmission in
cortical neurons, its accumulationin dendritic spines near excita-
tory synapses (Gulyas et al., 2001) suggests a possible interaction
with glutamatergic signaling. Most excitatory synapses onto cor-
tical neurons are formed onto dendritic spines which appear
concomitantly with the up-regulation of KCC2 during early post-
natal development (Rivera et al., 1999; Yuste and Bonhoeffer,
2004). In the absence of KCC2 expression in knock-out animals,
spine morphogenesis is largely compromised in immature neu-
rons, leading to anomalously long, ﬁlopodia-like protrusions (Li
et al., 2007). This defect in spine maturation is associated with a
reduced number of functional excitatory synapses as detected by
a decreased density of synaptic clusters of the glutamate receptor
anchoring proteins PSD95 and Homer and reduced mEPSC fre-
quency. Importantly, this effect can be rescued by expression of
an o n - f u n c t i o n a l ,N-terminal deﬁcient KCC2 and mimicked by
expression of the KCC2 CTD (Li et al., 2007). This observation
suggests that KCC2 inﬂuences spine morphogenesis and func-
tional maturation through a mechanism independent of its ion
transport function.
KCC2 CTD directly interacts with the neuronal FERM-
domain actin-binding protein 4.1N (Li et al., 2007). F-actin
constitutes the main cytoskeleton of dendritic spines and its
dynamic organization is known to play a critical role in spine
morphogenesis (Tada and Sheng, 2006). In particular, submem-
brane actin dynamics have been shown to be essential during
spine head formation and the transition from ﬁlopodiumto den-
dritic spine (Hotulainen et al., 2009). Thus, KCC2–4.1N interac-
tion may contribute to organize submembrane actin cytoskeleton
in developing dendritic spines. Consistent with this hypothesis,
overexpression of 4.1N FERM domain to prevent KCC2–4.1N
interaction is sufﬁcient to prevent spine morphogenesis in hip-
pocampal neurons (Li et al., 2007).
Remodeling of the actin cytoskeleton not only impacts spino-
genesis but also affects excitatory synaptic function (Hotulainen
and Hoogenraad, 2010). Actin-depolymerizing factors, in par-
ticular, induce changes in synaptic function that may reﬂect
changes in glutamate receptor membrane diffusion (Rust et al.,
2010). We recently reported that chronic suppression of KCC2
after spine formationdoes not compromise spine maintenance in
mature (>24 DIV) hippocampal neurons (Gauvain et al., 2011).
Instead, it is associated with a reduction in the efﬁcacy of excita-
tory synapses and aggregation of the GluA1 subunit in dendritic
spines. Again, this effect is independent of a loss of KCC2 func-
tion since it is mimicked by overexpressing the KCC2 CTD but
not by application of a selective KCC2 antagonist. Using single
particle tracking (SPT) techniques, we showed that suppression
of KCC2 expression induced an increase in the lateral diffusion
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of rapidly moving, likely extrasynaptic AMPA receptors (Tardin
et al., 2003; Petrini et al., 2009) in dendritic spines but not on
dendritic shafts. Immobile (likely postsynaptic) receptors were
also unaffected. Thus, KCC2 interaction with intracellular part-
nersisessentialtospinemorphogenesisbutnotmaintenance,and
contributes to hinder lateral diffusion of AMPA receptors within
dendritic spines, thereby inﬂuencing synaptic efﬁcacy (Figure4).
A loss of KCC2 clusters in dendritic spines induced by sustained
excitatory synaptic activity or under pathological conditions may
then induce a rapid homeostatic adjustment of synaptic receptor
content and efﬁcacy by acting on the lateral diffusion of AMPA
receptors.
Finally, although KCC2 is not necessary for dendritic spine
maintenance in mature neurons, its suppression leads to
increased spine head volume, an effect that is mimicked by
chronic application of a KCC2 antagonist (Gauvain et al., 2011).
As described above, KCC function is essential to volume regula-
tion in many cell types (Gamba, 2005). Since KCC2 is the only
CCC leading to solute and water extrusion under isotonic con-
ditions (MacAulay et al., 2004; Jourdain et al., 2011), it likely
contributes to osmotic regulation in dendritic spines, in partic-
ular to counteract cation inﬂux through postsynaptic receptors.
These observations predict that changes in KCC2 aggregation
or function by synaptic activity may induce activity-dependent
modulation of spine volume through local regulation of trans-
membrane solute and water efﬂux.
REGULATION OF KCC2 EXPRESSION AND FUNCTION
The expression level and/or transport activity of KCC2 are up-
regulated during development (Kahle et al., 2005; Vale et al.,
2005; Rinehart et al., 2009; Ludwig et al., 2011a,b). In mature
neurons, the activity-dependent regulation of KCC2 contributes
to the plasticity of inhibitory synapses under both physio-
logical and pathological conditions. In some conditions, the
activity-dependentup-regulationofKCC2maycounteractsynap-
tic excitation by strengthening GABA signaling (Banke and
Gegelashvili, 2008; Chorin et al., 2011)w h e r e a si ns o m ep a t h o -
logical conditions, KCC2 down-regulation may promote excito-
toxicity (Hershﬁnkel et al., 2009)o rs e i z u r e( Reid et al., 2001;
Rivera et al., 2002, 2004; Huberfeld et al., 2007; Pathak et al.,
2007; Wake et al., 2007; Li et al., 2008b; Shimizu-Okabe et al.,
2011). Thus, activity-dependent regulation of KCC2 participates
intheadjustmentoftheexcitatory-inhibitory balanceinneuronal
networks.
DEVELOPMENTAL UP-REGULATION OF KCC2
In developing hippocampal neurons, KCC2 expression is
increased bythe trophic factors neurturin(Ludwig etal.,2011a,b)
and BDNF (Ludwig et al., 2011b). BDNF and Neurturin activate
similar intracellular cascades that include the src homology
two domain containing transforming protein/FGF receptor
substrate 2 (Shc/FRS-2). This in turn triggers the extracel-
lular signal-regulated kinase 1/2 (ERK1/2) and the mitogen-
activated protein kinase (MAPK) pathway. This effect induces
enhanced Egr4 expression and Egr4-dependent activation of
KCC2b promoter (Ludwig et al., 2011b). Functional activa-
tion of KCC2 also requires oligomerization and/or phospho-
rylation/dephosphorylation of the co-transporter. Blaesse et al.
(2006) showed that membrane expression and mature glycosy-
lation pattern were not sufﬁcient to ensure KCC2-mediated Cl−
extrusion in immature rat LSO neurons. At P3, KCC2 is mainly
expressed as a monomeric form in plasma membrane, whereas in
more mature neurons (P30) in which Cl− extrusion was effective,
KCC2 wasfound as oligomers(dimers, trimers, and tetramers). A
direct link between oligomerization and ion transport by KCCs is
supported by the observation that truncation of KCC1 carboxy-
terminal domain prevents both oligomerization and chloride
transport (Casula et al., 2001). Phosphorylation and dephospho-
rylation also play a critical role in KCC2 activation during devel-
opment. Khirug et al. (2005) observed that the broad-spectrum
kinase inhibitor staurosporine, leads to a rapid (5min) nega-
tive shift in EGABA in immature hippocampal cultured neurons.
FIGURE 4 | KCC2 controls spine volume and efﬁcacy of glutamatergic
AMPAR-mediated synaptic transmission in mature neurons. KCC2
suppression in mature neurons indicates that KCC2 is not required for
spine maintenance, while it contributes to both spine head volume
regulation and the efﬁcacy of excitatory synapses by physically
constraining AMPAR GluA1 subunit in spine head, likely through its
interaction with submembrane actin cytoskeleton [adapted from Gauvain
et al. (2011)]. A loss of KCC2 clusters induced by sustained excitatory
synaptic activity or under pathological conditions may induce a rapid
homeostatic adjustment of the efﬁcacy of AMPAR mediated synaptic
transmission as well as a reduction in the efﬁcacy of GABAAR-dependent
synaptic transmission.
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Although this work did not identify the kinase(s) involved or
their target(s) (i.e., KCC2itselfand/ormolecularpartners), KCC2
can be activated by dephosphorylation of Threonine residues.
Residues Thr906 and Thr1006 in the CTD of KCC2 are phos-
phorylated by Wnk1 at birth and dephosphorylated in adult
neurons (Rinehart et al., 2009). These phosphorylated residues
appear critical for KCC2 function since Wnk1 phosphorylation
of KCC2 in mature neurons causes a loss of transport function
(Kahle et al., 2005; Rinehart et al., 2009). Although phosphory-
lation of Ser940 has not been analyzed during development, this
residue is phosphorylated in mature hippocampal neurons (Lee
et al., 2007), and PKC activation enhances KCC2 function (Banke
andGegelashvili, 2008)throughdirect phosphorylationofSer940
(Lee et al., 2007). Therefore, PKC-dependent phosphorylation
of Ser940 may also contribute to the developmental or activity-
dependent activation of KCC2. Finally, the developmental acti-
vation of KCC2 function requires tyrosine kinase activity. Thus,
inhibitors of tyrosine phosphorylation such as genistein or laven-
dustin A impair KCC2 activity in mature hippocampal neurons
(Kelsch et al., 2001). KCC2 appears to be a direct target of tyro-
sine kinases as tyrosine phosphorylation shows a marked increase
during postnatal development in cochlear nucleus neurons
(Vale et al., 2005). Consistent with this observation, dephos-
phorylation of Tyr1087 abolishes KCC2 activity in mature neu-
rons (Wake et al., 2007; Watanabe et al., 2009). In conclusion,
functional activation of KCC2 during postnatal development
appears to rely on dephosphorylation of Thr906 and Thr1006,
PKC-dependent phosphorylation of Ser940, and tyrosine kinase
phosphorylation of Tyr1087 (Table 1).
ACTIVITY-DEPENDENT REGULATION
Neuronal activity dynamically up- or down-regulates KCC2
activity. Rapid up-regulation of KCC2 activity is induced upon
activation of group I metabotropic GluRs (mGluRs) and Zn2+
extracellular signaling. Tonic activation of both mGluR1 and
mGluR5 has been shown to enhance synaptic strength at
GABAergic inputs onto CA3 pyramidal neurons through hyper-
polarization of EGABA (Banke and Gegelashvili, 2008). This effect
may involve synaptic co-release of Zn2+ from mossy ﬁbers and
subsequent activation of the metabotropic zinc-sensing recep-
tor G-protein coupled receptor 39 (mZnR/GPR39) which in turn
causesahyperpolarizing shiftin EGABA byenhancing KCC2activ-
ity and surface expression in CA3 neurons in hippocampal slices
(Chorin et al., 2011). mZnR activation triggers Ca2+ release
from intracellular stores via group I mGluRs, activation of the
ERK1/2 pathway and PKC phosphorylation of KCC2 (Banke and
Gegelashvili, 2008; Besser et al., 2009; Sindreuet al., 2011). In this
context, it is remarkable that synaptic accumulation of Zn2+ in
mossy ﬁber terminals and KCC2 activity in pyramidal neurons
follow a similar developmental time course (Rivera et al., 1999;
Nitzan et al., 2002; Lee et al., 2005; Liguz-Lecznar et al., 2005),
suggesting Zn2+ signaling may participate in the developmental
up-regulation of KCC2 (Chorin et al., 2011). Interestingly how-
ever, Zn2+ appears to operate a bi-directional control over KCC2
activity. In contrast to extracellular Zn2+, a rise in intracellu-
lar Zn2+ under pathological conditions such as oxygen-glucose
deprivation inhibits KCC2 function resulting in a depolarizing
shift in EGABA (Hershﬁnkel et al., 2009).
KCC2 activity is down-regulated in a variety of physiologi-
cal andpathological conditions, usuallyassociated with enhanced
neuronal activity. These include long term potentiation (Wang
et al., 2006b), repetitive pairing of pre- and post-synaptic
activities (Woodin et al., 2003), repetitive postsynaptic spiking
(Fiumellietal.,2005),reboundburstactivity (Wangetal.,2006a),
tetanic stimulation (Kaila etal.,1997), NMDAreceptor activation
(Kitamura et al., 2008), and epileptic activity (Reid et al., 2001;
Riveraetal.,2002,2004;Huberfeldetal.,2007;Pathaketal.,2007;
Wake et al., 2007; Li et al., 2008b; Shimizu-Okabe et al., 2011).
All these conditions cause a depolarizing shift in EGABA through
reduced KCC2 function and/or expression.
Theactivity-dependent down-regulationofKCC2mRNAlevel
involves the BDNF-TrkB signaling and the combination of the
Shc/FRS-2 and the phospholipase Cγ (PLCγ) signaling cascades
(Rivera et al., 2004). This in turn activates the transcription fac-
tor cAMP response element-binding protein (CREB) through
phosphorylation (Rivera et al., 2004). At the post-translational
level, down-regulation of KCC2 usually relies on Ca2+ signal-
ing and involve either Ca2+ inﬂux through NMDA receptors
(Kitamura et al., 2008; Lee et al., 2011)o rLt y p eC a 2+ chan-
nel (Fiumelli et al., 2005)o rC a 2+-induced-Ca2− release from
intracellular stores (Fiumelli et al., 2005). Although Ca2+ wasini-
tially suggested to activate a PKC-dependent phosphorylation of
either KCC2 itself or some associated molecules that will in turn
inactivate the transporter (Fiumelli et al., 2005), this seems some-
what unlikely since PKC-dependent phosphorylation of KCC2
on Ser940 enhances rather than reduces its activity (Lee et al.,
Table 1 | Phosphorylation/dephosphorylation states of KCC2 at immature or mature stages of development and in conditions of increased
activity.
Immature Mature Mature activity-dependent down
regulation
Thr906 and Thr1006 Phosphorylated by Wnk kinases
(Rinehart et al., 2009)
Dephosphorylated (Rinehart et al.,
2009)
?
Tyr1087 Dephosphorylated (Vale et al., 2005) Phosphorylated (Vale et al., 2005;
Wake et al., 2007;
Watanabe et al., 2009)
Phosphorylation/Dephosphorylation of
Tyr903 Tyr1087 (Wake et al., 2007;
Lee et al., 2010)
Ser940 ? Phosphorylated by PKC (Lee et al.,
2007)
Dephosphorylated by PP1 (Lee et al.,
2011)
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2007; Banke and Gegelashvili, 2008). Instead, activity-dependent
reduction of KCC2 activity may involve dephosphorylation
of Ser940 (Lee et al., 2011) and perhaps phosphorylation of
Tyr903/1087 residues (Wake et al., 2007; Lee et al., 2010).
NMDAR-dependent Ca2+ inﬂux causes PP1 dephosphorylation
of KCC2 residue Ser940 (Lee et al., 2011). Thus, PKC-dependent
phosphorylation of Ser940 enhances (Lee et al., 2007)w h i l et h e
PP1-mediated dephosphorylation of Ser940 inhibits KCC2 activ-
ity (Lee et al., 2011). Lee et al. (2011), therefore, proposed that
KCC2 function is controlled by the balance between PKC and
PP1 activities. The involvement of residues Tyr903/1087 in the
down-regulation of KCC2 by activity is supported by the obser-
vation that pilocarpine-induced status epilepticus increases the
phosphorylation ofKCC2 residues Tyr903/1087 (Lee et al., 2010).
However, hyperexcitability induced by BDNF or low external
Mg2+ as well as oxidative stress all lead to tyrosine dephos-
phorylation of KCC2 (Wake et al., 2007). Interestingly, in these
experiments, tyrosine phosphorylation of KCC2 could only be
unmasked once phosphatase activity was blocked. Thus, neu-
ronal activity appears to recruit both kinases and phosphatases,
the relative activity of which determines KCC2 phosphoryla-
tion state. It is remarkable that developmental up-regulation and
activity-dependent down-regulation of KCC2 involve a reciprocal
regulation of its phosphorylation (Table 1).
REGULATION OF KCC2 BY OLIGOMERIZATION, CLUSTERING AND
LATERAL DIFFUSION
Membrane expression and glycosylation of KCC2 precede the
onset of KCC2 function and the hyperpolarizing shift in EGABA
during postnatal development (Kelsch et al., 2001; Khirug et al.,
2005; Vale et al., 2005; Blaesse et al., 2006). In addition, enhanced
neuronal activity affects KCC2 at the mRNA and protein expres-
sion levels within 1–6h (Rivera et al., 2002, 2004; Wang et al.,
2006c; Wake et al., 2007; Ludwig et al., 2011b) whereas activity-
dependent regulation of KCC2 function occurs within minutes
(Woodin et al., 2003; Wang et al., 2006b; Fiumelli and Woodin,
2007; Wakeet al., 2007; Kitamura et al., 2008; Chorin et al., 2011;
Lee et al., 2011). Therefore, regulation of KCC2 function in neu-
rons appears to occur at several, partly interdependent levels and
therapid,activity-dependent modulationofthetransporter likely
occurs predominantly through post-translational modiﬁcations.
Activity-induced dephosphorylation of Ser940 and phosphory-
lation of Tyr903/1087 leads to reduced membrane stability of
KCC2 through increased endocytosis and targeting to lysosomal
degradation (Lee et al., 2010, 2011). However, the loss of KCC2
activity as detected by increased [Cl−]i precedes the removal
of KCC2 from cell surface (Wake et al., 2007; Watanabe et al.,
2009). Conversely, Zn2+-dependent increase in KCC2 function
is observed before the increase in membrane expression (Chorin
et al., 2011). These observations suggest that other intermediate
mechanisms may be at play to affect KCC2 function independent
of its membrane expression level.
As mentioned above, KCC2 oligomerizes and forms clusters
at plasma membrane. It is, therefore, tempting to hypothesize
that oligomerization and clustering could represent the molec-
ular substrate for such rapid alterations of KCC2 function. So
far, only one study has investigated the impact of oligomerization
and clustering on KCC2 activity (Watanabe et al., 2009). This
study shows that a perturbation of KCC2 oligomerization and
clustering by tyrosine kinase inhibitors correlates with a loss of
function but no change in membrane expression in hippocampal
neurons. Besides, heterologous GT1–7 cells expressing a recom-
binant KCC2 with either Tyr1087 residue mutated to aspartate
(Y1087D) or a deletion of the 28 amino acids distal to the tyro-
sine phosphorylation site fails to oligomerize and form clusters
as wild type KCC2 does (Watanabe et al., 2009). These results
support a role for oligomerization and clustering in the regula-
tion of KCC2 function. They also indicate that phosphorylation
of Tyr1087 and the carboxyl-terminus of KCC2 play a critical role
in oligomerization and clustering.
The mechanisms of KCC2 clustering remain elusive and may
involve cholesterol-enriched lipid rafts (Watanabe et al., 2009).
Indirect binding of KCC2 to actin through 4.1N interaction
(Li et al., 2007) suggests clustering may also involve scaffold-
ing molecules as described for postsynaptic neurotransmitter
receptors. Identiﬁcation of these molecular partners will be of
particular importance since the availability of the submembrane
scaffold that anchors and stabilizes transmembrane proteins can
be rapidly up- or down-regulated by activity (Bruneau et al.,
2009) and could be at play to locally control KCC2 aggregation
and function.
Lateral diffusion in and outside synapses plays a key role in
the activity-dependent regulation of receptor number at synapses
(Triller andChoquet,2008).Thisraisesthe questionoftheimpact
of lateral diffusion in the control of KCC2 clustering. The mobil-
ity of recombinant Flag-tagged KCC2 was analyzed using SPT
(Dahan et al., 2003; Bannai et al., 2006). The surface recombi-
nantFlag-taggedKCC2transporterwerelabeledwithanantibody
raised against Flag and subsequently labeled with an intermedi-
ate biotinylated Fab fragment and streptavidin-coated quantum
dot (QD). QD trajectories were overlaid with ﬂuorescent images
of recombinant homer1c-GFP and gephyrin-mRFP clusters in
order to identify excitatory and inhibitory synapses, respectively.
Trajectories were at/near synapses when overlapping ±2p i x -
els (440nm) with homer1c-GFP and gephyrin-mRFP clusters
or extrasynaptic for spots further away (Dahan et al., 2003). As
shown in Figure5, KCC2 exploratory behavior (Figure5A)a n d
mobility (Figure5B) is reduced and its conﬁnement (Figure5C)
increased in close vicinity of excitatory and inhibitory synapses.
As shown with confocal microscopy (Figure2) and with elec-
tron microscopy (Gulyas et al., 2001; Bartho et al., 2004; Blaesse
et al., 2006; Takayama and Inoue, 2006), KCC2 is localized at
the periphery of the postsynaptic density. Thus, the QDs located
in close vicinity of synapses (Figure5A)m a yc o r r e s p o n dt o
perisynaptic QDs. However, several technical limitations do not
permit to strictly separate QDs in the core of the synapse from
QDs in the near vicinity of the postsynaptic differentiation (i.e.,
perisynaptic QDs). Indeed, the optical resolution of the wide
ﬁeld microscope does not permit to precisely segregate the two
compartments. Second, due to their large size (20–30nm), QDs
have difﬁculties to enter the core of the synapse (Groc et al.,
2007). Anyway, the extrasynaptic vs. synaptic/perisynaptic dif-
fusion behavior of KCC2 is reminiscent of what was found
for neurotransmitter receptors with conﬁned movement of the
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FIGURE 5 | Membrane dynamics of the KCC2 transporter studied with
Single Particle Tracking. (A) Representative trajectories of Quantum
Dot-bound Flag tagged recombinant KCC2 reconstructed from 35s
recording sequences ( t = 0.03s). QD trajectories were overlaid with
ﬂuorescent images of recombinant homer1c-GFP (green) and gephyrin-mRFP
(red) clusters in order to identify excitatory and inhibitory synapses,
respectively. Note that extrasynaptic QD-bound KCC2 explored larger area of
membrane than synaptic/perisynaptic ones. Scale bars for
synaptic/perisynaptic and extrasynaptic trajectories, 0.5μma n d1μm,
respectively. (B) Instantaneous diffusion coefﬁcients of the trajectories
shown in (A). Note the reduction in diffusion coefﬁcient values and
ﬂuctuations for synaptic/perisynaptic QDs as compared with the
extrasynaptic QD. (C) Time-averaged MSD functions of the trajectories
shown in (A). Extrasynaptic and synaptic QDs display linear and negatively
bent MSD curves, characteristic of random walk and conﬁned movement,
respectively. In all graphs: green and red curves, trajectories at/near
excitatory and inhibitory synapses, respectively; black, extrasynaptic
trajectory.
protein at/near synapses and free diffusion in extrasynaptic area
[ref in (Triller and Choquet, 2008)]. More work is now required
to examine whether KCC2 membrane dynamics and clustering
are modulated by normal and pathological neuronal activities.
A regulation of KCC2 diffusion/clustering might locally affect
the net function of KCC2-mediated chloride extrusion. This will
be particularly relevant for the regulation of GABA signaling
which may be modulated at the subcellular level (Foldy et al.,
2010).
CONCLUSIONS AND PERSPECTIVES
The neuronal KCC2 transporter has long been considered only
with respect to its function of chloride transport and its subse-
quent inﬂuence on GABA/glycine signaling. It is now becoming
clear that KCC2 function in neurons extends beyond the mere
transport of ions across the plasma membrane. In particular,
KCC2 turns out to play a major role in the maturation and func-
tional maintenance of excitatory synapses where it regulates the
density of AMPAR in spines, most likely through actin bind-
ing property via 4.1N protein. Interestingly, 4.1N is required
for activity-induced exocytosis of GluA1 subunit of AMPAR
during long term potentiation (Lin et al., 2009). More work
is, therefore, needed to fully characterize the contribution of
KCC2/4.1N complexes in AMPAR trafﬁc and long term synap-
tic plasticity. Another emerging ﬁeld is that of KCC2 membrane
trafﬁc and its regulation by activity. Where does KCC2 exocy-
tosis take place and is it regulated by neuronal activity? If so,
this may represent a way to rapidly adjust KCC2 membrane
expression and function. We propose that lateral diffusion and
clustering of the transporter participate in the rapid regulation
of its function. More work is needed to identify the scaffolding
molecules that anchor KCC2 to the submembrane cytoskeleton.
Whether KCC2 membrane diffusion undergoes a “diffusion trap”
mechanism similar to postsynaptic neurotransmitter receptors
and whether such mechanism may contribute to the activity-
dependent modulation of KCC2 also remain to be established.
In this context, it is noteworthy that similar cellular (cell surface
stability, clustering, and perhaps lateral diffusion) and molec-
ular (phosphorylation/dephosphorylation) mechanisms are at
play to regulate KCC2 and GABAAR at the cell surface [for
GABAAR regulation, see (Luscher et al., 2011)]. This raises ques-
tions about potential interactions of KCC2 and GABAAR and of
their role in the coordinated regulation of GABA/glycine synaptic
signaling.
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